INTRODUCTION
Mammalian cell surfaces and the extracellular matrix that surround them are rich in glycoconjugates (e.g. glycoproteins and glycolipids). Complex carbohydrates, an integral part of the cell surface glycoconjugates, are recently being appreciated as molecules with enormous coding capacity of meaningful messages in the form of their monosaccharide components, linkages, branching patterns, etc. They can act as recognition units for indigenous receptors e.g., lectins (Lis and Sharon, 1998) . Lectins are ubiquitous, non-enzymatic proteins that bind mono-and oligosaccharides reversibly and with high specificity. The common principles of molecular recognition i.e., hydrogen bonds, dispersion forces and hydrophobic packing govern the specificity of lectincarbohydrate interaction (Elgavish and Shaanan, 1997; Weis and Drickamer, 1996) .
Lectins, apart from specific recognition of carbohydrate moieties, are involved in a wide variety of biochemical processes including intra-and intercellular trafficking, initiation of signal transduction, cell adhesion, etc. In view of the highly versatile functional relevance of lectins, the design of high-affinity ligands to occupy their carbohydrate recognition domain offers the perspective for design of novel drugs for treatment of a wide range of diseases, from microbial infections and inflammatory diseases to cancer.
Amongst the commonly found oligosaccharides on the cell surface the |3-galactosides are prominent components of the sugar chains found in both glycoproteins and glycolipids. The receptors for this linkage are galectins which are animal lectins having at least one carbohydrates recognition domain (CRD) of specific p-galactoside binding activity (Barondes et al, 1994; Cooper and Barondes, 1999) . These galectins are soluble and widely distributed in the vertebrates and play a diverse intra-and extra cellular biological function (Perillo et al, 1998) . In mammals, so far, twelve numbers of glycoprotein have been defined as galectins (galectin-1 through galectin-12) (Cooper and Barondes, 1999; Yang et al, 2001) . One of them, Galectin-3, a well-studied and representative member of this family, contains a conserved -14KD carbohydrate recognition domain showing high affinity for p-galactosides. Expression of galectin-3 is highest in activated macrophases, basofils and mast cell (Sato and Hughes, 1994; Liu, 1993; Frigeri et al, 1993) , some epithelial cells e.g. intestine, kidney (Lindstedt et al, 1993; Lotz et al, 1993; Foddy et al., 1990) and in some sensory neurons (Regan et al., 1986; Cameron et al., 1993) . It has been shown to activate various cell types through cross linkage of appropriate cell surface glycoprotein, including cell adhesion molecules, to promote neurite growth (Pesheva et al., 1998) and induced differentiation and angiogenesis of endothelial cells (Nangia-Makker et al., 2000) . It acts as a chemo attractant for monocyte (Sano et al., 2000) and endothelial cells (Nangia-Makker et al., 2000) . It has been also shown that galectin-3 is active in vitro in inducing pre-mRNA splicing (Dagher et al., 1995) . Galectin-3 is over expressed in some types of cancer in which the normal parental cells do not express the protein, including specific types of lymphomas (Hsu et al., 1996; Konstantinov et al, 1996) , thyroid carcinoma (Fema'dez et al, Xu et al, 1995; Hsu et al, 1999) , etc. Studies of cells transfected with galectin-3 cDNA or treated with specific antisense oligonucleotide, however, have provided evidence for the involvement of galectin-3 in tumor development and metastasis (Raz et al, 1990; Bresalier et al, 1998) . It is likely that the glycoconjugate-mediated recognition processes of galectin-3 might be the key step in many of these biological processes.
It has been found experimentally that galectin-3 has different binding activity for galactose containing oligosaccharides. The relative binding affinity of galectin-3 with different p-galactosides is Gaip(l-4)GlcNAc > Galp(l-3)GlcNAc > Galp(l-4)Glc > Gaip(l-3)GalNAc >GlcP(l-4)Glc. (Sparrow et al., 1987) . The binding affinity of galectin -3 for oligosaccharides containing the above disaccharide linkages are more. This indicates that the primary binding site in galectin-3 may be specific for galactose but the secondary sites can have more flexibility in terms of the type of ligand. The structure of human galectin-3 carbohydrate recognition domain (CRD) complexed with lactose /Nacetyllactosamine has been solved at 2.1 A resolutions (Seetharaman et al, 1998) ( Figure 1 ). The high binding activity is attained by the galectin-3 through tightly coordinated combination of hydrogen bonding, hydrophobic aromatic residue-sugar interactions, and a precise steric fit. To capitalize on knowledge about the subtleties of lectin-carbohydrate interaction for rational marker/drug design, the intimate details of the recognition process need to be understood and exploited. In order to provide mechanistic insight into the ligand-receptor interaction or to explain the binding affinity of a ligand the individual contributions of various factors which originate from the receptor, the ligand and/or the solvent to the overall free energy change has to be estimated. It is essential to study several receptorligand complexes to arrive at a consensus. The x-ray diffraction data, though provides the three-dimensional structure of the complexes, does not provide details information about the contributions of ligand and/or receptor flexibility. Also, the number of experimentally known ligand-receptor complexes is limited. Hence to provide mechanistic insights into the origins of ligand binding activity, computer-assisted molecular modeling of the reactants before and after complex formation can be utilized.
We have chosen the relative binding activity data for Gaip(l-4)Glc, GalB(l-4)GlcNAe, Gaip(l-3)GalNAc, Galp(l-3)GlcNAc, Glcp(l-4)Glc and an oligosaccharide no as test cases. Recently, Aqvist et al., (1994) Regardless of the transferability of these parameters, the LIE calculation method has been shown to be quite successful in predicting relative binding affinities of ligands. The advantages of this method are several. Since the LIE method simulates only the final states, it is quite fast, it takes into account the flexibility of both the reactants and finally since solvent molecules are explicitly included the desolvation free energy can be reasonably handled (Wang, W. et al., 1999) . We report here the results of LIE calculations for galectin-3 and six of its ligands. The results suggest that the number and / or pattern of the hydrogen bonding scheme does not seem to be the ultimate determinant of the binding affinity, the presence of sufficient number of non-bonded pairs are also equally important.
Ill

2. METHODS
2.1. Disaccharide Simulation in Free Form (Solvated)
For the molecular mechanics and molecular dynamics calculations DISCOVER Module and CVFF force fields were used as implemented in Insight II Package (version 98.0, Accelrys Inc.). As discussed in Chapter 3 all the disaccharides and tetrasaccharide were built from monosaccharide templates. The glycosidic dihedral angles were changed from 0° to 360° at 30° intervals. Each conformation thus generated was minimized keeping the dihedral angle fixed. From the grid search the lowest energy conformation was identified and minimized without further constraint. The lowest energy conformation thus obtained was taken as the minimized conformation of the disaccharides. The tetrasaccharide Gal(l-3)GlcNAc(l-3)Gal(l-4)Glc was built joining the minimized disaccharide conformations and further minimized without constraint. The energy is minimized using conjugate gradient method with no non-bonded cutoff. A constant dielectric of value 1.0 was used for all calculations.
The minimized conformations of all the disaccharide ligands, GlcP(l-4)Glc,
with about 12.0A thickness of water molecules. The total number of water molecules required was about 359-362 for disaccharides and 454 for the tetrasaccharide. The water layer was divided into two parts. The inner part is constructed defining the interface water molecules around the ligand of about 6.0A radius. The rest of the water molecules were defined as the outer layer. In the inner water layer number of water molecule is about 134-144 for disaccharides and 186 for tetrasaccharide. The water layer of the ligand-water assemblies was minimized initially fixing the inner water layer and then fixing the outer layer and finally unfixing all the solvent molecules. The minimization was performed by steepest descent followed by conjugate gradient method using 15.0A non-bonded cut off and a constant dielectric of 1.0. All the optimized ligand-water assemblies were subjected to dynamic run at 300K constraining the covalent bond length using Rattle. Initial equilibration for 100 ps was followed by a 1.5 ns simulation run. The time step for the dynamic simulation was 2 fs.
2. 2. Galectin-Ligand-Water Assembly
A recently published crystal structure (Seetharaman et ai, 1998) of the carbohydrate recognition domain of galectin complexed with Gal(3(l-4)GlcNAc (PDB Entry A3K) was used as the model of the galectin-3 molecule. The hydrogen atoms are generated in the crystal structure and their position were optimized by minimizing the structure keeping the heavy atom fixed and removing all implicit water molecules. The minimization was performed using steepest decent and conjugate gradient method. The minimized conformations of the ligands were docked on the minimized structure of galectin. These docked complexes were further minimized by initially fixing all the protein atoms and then unfixing the sidechain atoms. For the tetrasaccharide the first or the second galactose residue was docked in the binding site and minimized. The complex with the second galactose residue at the primary binding site had ~20 kcal/mol energy less than the complex with the first galactose residue at the primary binding site. We had used the former complex for the MD simulations. The water molecules were layered on the minimized structure of galectin-ligand complexes with a thickness of 15.0A. A total of about 2800-2900 water molecules were needed. In the simulations reported here, the crystallographic water molecules were not included, as also was done by Aqvist and Mowbray (1995) , since the solvent molecules that were used have no bias in their positions, using some of them with defined positions might bias the calculations. The entire system was optimized by initially fixing the complex and then fixing only the backbone atoms of the protein. The minimized conformation was then superimposed on the crystal structure and it was observed that there are water molecules at most of the crystallographic water positions. During the minimization 15.0A non-bonded cutoff and a constant dielectric of 1.0 was used. All these minimized structure of galectin-ligand-water assemblies were subjected to dynamic simulation at 300K during which a 10.0A sphere around the ligand molecule containing interface water-protein atoms was allowed to move and the rest of the protein and water atoms were held fixed. The covalent bond lengths were constrained using Rattle (as implemented in DISCOVER). Time step of the dynamic simulation was 2 fs. The initial equilibration of 100 ps was followed by a 500 ps simulation run.
3. RESULTS AND DISCUSSION
Disaccharide Conformation in Free and Bound state
The conformation of the disaccharides and tetrasaecharide in free (in water medium) and bound form are shown in Table I . The MD average conformations of the disaccharide Glc8(l-4)Glc in free and bound forms are -74°, 114° and -67°, 109°
respectively. The MD average conformations of the linkage GalB(l-3)GalNAc in free and bound forms are -68°, -93° and -75°, -114° respectively. This linkage was observed as flexible in the vacuum simulations (Chapter 3), but flexibility is lost in the solvated and bound states. It is seen from the Table that GalB(l-4)Glc linkage conformation does not so much changed in free and bound form. This linkage is also present in tetrasaccharide and this conformation also remains in the region of minimized energy structure. The conformation of the linkage GalB(l-3)GlcNAc in free and bound form is -83°, -133° and -68°, -116°
respectively. Similar conformation of this linkage is found in the tetrasaccharide. The MD average conformation of the linkage GalB(l-4)GlcNAc in free and bound state is -75°, 106° and -83°, 108° which is the region of minimized energy structure. The MD average conformation of the linkage GlcNAcB(l-3)GalB, which is only present in the tetrasaccharide in the free form is 49°, -116°. In bound state the MD average structure is -96°, -142° which is largely altered from the minimized energy structure. It is seen from the Table I that in all the cases the flexibility decreases in water and in bound state.
Binding Free energy Calculation
We had used five disaccharides and a tetrasaccharide ligand to study their interactions with Galectin-3. Table 2 summarizes the average interaction energies between the ligands and their surroundings, e.g., either protein or solvent molecules. All the protein-ligand trajectories were of 500 ps length excepting that for the natural ligand Gaip(l-4)GlcNAc for which the simulation was extended upto 1 ns. The simulation with Gaip(l-4)GlcNAc was started from the crystal structure (PDB Entry A3K). However after 500 ps a shift in the ligand position away from that of the crystallographic position was noted leading to a slightly altered pattern of the hydrogen bonds (discussed later).
This simulation was, therefore extended to 1 ns in order to get the conformation of the ligand within the binding site properly averaged. In cases of all the ligands, it was seen that the van der Waals interactions are more favourable in the protein-bound form, compared to that in solvent. This is expected since in protein the number of interacting non-polar groups is much more in number. On the other hand, we have observed a loss in electrostatic interaction energy in going from free to bound state by all the six sugar ligands. Aqvist and Mowbray (1995) reported that in case of monosaccharide binding to glucose/galactose receptor, an increase in electrostatic interaction in the protein-bound form was obtained from similar ffee-energy calculations and they have concluded that for the monosaccharides, electrostatic interactions dominate the binding. (Aqvist et al., 1994; Miyamoto and Kollman, 1993) . The coefficient used for the electrostatic interaction energy in equation 1 has been assigned a value of 0.5 as has been used successfully by others (Aqvist et al, 1994 (Aqvist et al, , 1995 Wang,W. et al, 1999; Paulsen et al, 1996) . This value came from the first order approximation of electrostatic contribution to the binding free energy (Kollman, 1993) . It has been shown that this first order approximation is reasonable (Still et al, 1990) . Several workers have optimized the value of the van der Waals coefficient '(3' (referred as a in Aqvist et a/'s paper). The values obtained for different systems varied widely, ranging from 0.16 to 1.043 Wang, W. et al, 1999; Aqvist et al, 1994; Aqvist and Mowbray, 1995; Paulsen and Omstein, 1996) . We have estimated the value of the coefficient from the data of the natural ligand Gaip(l-4)Glc and obtained a value of 0.81. This value was close to the value 0.87 obtained for binding of biotin to avidin Wang, W. et al, 1999) .
The value of the coefficient obtained by Aqvist and Mowbray, (1995) for galactose /glucose binding to galactose/glucose receptor was 0.16. It is seen from the Table I that the calculated free energies (using p as 0.81) are in reasonable agreement with the experimentally observed binding free energies for the disaccharides. The use of a uniform value of p works well with the disaccharides, however, when the ligand is of larger size (i.e. a tetrasaccharide), the use of same P value i.e. 0.81 leads to a binding free energy of value of 1,15 for the coefficient brings the calculated free energy close to the experimental one (Table 2) . Similar high value of (3 (1.043) was also used by Paulsen and Omstein 1996) , The difference in p values for the di and tetra-saccharides indicates that the exact value of the coefficient might be dependent on the nature of the ligands. This agrees with the observation of Wang W. et al, (1999) . It has been seen that the binding is mostly through the hydroxyl groups at 4, 6
positions and the 05 atom of the galactose residue and the hydroxyl group at position 3 of the GlcNAc residue. The protein residues, which are participating in direct hydrogen bonding, are Hisl58, Argl62, Asnl74 and Glul84. In addition to that several water molecules are also participating in the hydrogen-bonding network. Although crystallographic water molecules were not included in the simulations the reported water mediated hydrogen bonds with 02, 06 of Gal and 06 of Gle/GlcNAc have been reproduced (Table III) . In addition to that several water-mediated hydrogen bonds have been observed in the solution simulations, which were not observed crystallographically.
It is interesting to note that galectin can bind both Galp(l-4) as well as for Gal{3(l-3)
linkages (Sparrow et al., 1987) . The crystallographic data is available for the GalJ3(l- The position of the CH2OH group at the C6 position of the Glc/GlcNAc residue in the P(l-4) linakge has been taken up by the N-acetyl group at C2 of the terminal GalNAc/ GlcNAc in case of (3(1-3) linkage. This indicates that the stereochemical requirement at the position C6/C2 of the terminal sugar residue is less stringent than that for the sugar residue non-reducing end. Sparrow et al., (1987) had reported that changes or substitutions at position 4 and 6 of Gal or position 3 of Glc lead to reduced binding affinity, whereas changes at position 2 and 3 of Gal and 1 and 6 of Glc are relatively harmless. In case of the tetrasaccharide Gaip(l-3)GIcNAcP(l-3)Gaip(l-4)Glc, the galactose that is located at the primary binding site (the third residue from the non reducing end) has a substituent at position 3. Encouragingly, the hydrogen bonding scheme shows that all the hydrogen bonds reported between Gal and the lectin in the crystal structure are retained for the tetrasaccharide, indicating that substitutions at position 3 are less harmful. For the tetrasaccharide, apart from the GalP( 1-4) Glc moiety the preceeding N-acetylglucosamine moiety is also hydrogen bonded to the protein (Figure 2f ). This is consistent with the familiar view (Lis and Sharon, 1998 ) that lectins bind to larger oligosaccharides by extended binding site. We have also observed that when the galactose is replaced by glucose, i.e., when the axial OH group at position 4 is replaced by an equatorial OH group (as in the case of Glcp(l-4)Glc), the hydrogen bonding pattern is quite different. In this case the hydroxyl groups at 4, 5 and 6 of the non-reducing glucose moiety forms hydrogen bonds with Argl44, Trpl81 and Asnl74 residues respectively, whereas the 02 and 03 of glucose at the reducing end form hydrogen bonds with the residues Argl86 and Argl62, Glul84 respectively (Figure 2e ).
Comparison of the calculated binding free energies with the experimental ones
show that the calculations are reasonably successful in reproducing the small observed experimental range, despite the fact that the individual interaction energies are quite large. The correct order of the binding affinities is also reproduced in most of the cases.
The specificity of galectins for the galactose containing disaccharides (P-galactosides) is remarkable, however it is observed that replacement of galactose by glucose at the non reducing end of the disaccharide leads to a drastic reduction in binding by the lectin (Sparrow et al., 1987) . From the free energy calculations also we obtained highest AGcaic value for the disaccharide Glcp(l-4)Glc. In the free form it is observed that GIcP ( (Elgavish and Shaanan, 1997) .
In a recent report on calculation of binding free energies for MHC class 1 protein-peptide interactions using continuum method, Froloff et al" (1997) had used the solvent accessible surface (SAS) as a measure of the non-polar contribution to the binding free energy. They had used this term in addition to the electrostatic and loss of entropic (for backbone and side chain torsional freedom as well as for translational and rotational freedom) terms. When a protein binds to a ligand, the SAS of the complex becomes less than the sum of the individual SAS of the protein and ligand before binding.
To check how the change in SAS upon compiexation correlates with the binding activity, the solvent accessible surface area of the protein in free and bound forms was calculated.
We have used Connolly's method as implemented in the Insightll package for the calculations using a 1.4A radius for the water molecule. The surface area of the protein was calculated from the crystal structure (A3K) after including hydrogens and minimizing their positions and this value was used as the average SAS of the protein. For the ligand the average MD conformation from the solvent simulation (i.e. in the free state) was used for the SAS calculation. For the complexes the MD average conformations were used.
The difference in SAS for various protein-ligand complexes is reported in 
CONCLUSIONS
The present study involves the calculation of absolute binding free energies for one tetra-and five pentasaccharides to galectin-3 using the LIE approximation. The linear response method used here was able to reproduce the experimental data reasonably well, This method is not CPU intensive like free energy perturbation and thermodynamic integration methods. In addition no ligand mutation is necessary during the simulations and this allows the use of a variety of different ligands. One limitation of this method is the choice of the van der Waals coefficient, for which system dependency has been observed. We have found that this method is able to describe the binding affinity of the lectin in a satisfactory way. Using this approach it is also possible to suggest modes of binding for a ligand for which crystallographic data is not available.
The results reported here suggest that both hydrogen-bonding and hydrophobic interactions are important for determining the affinity of the carbohydrates towards the lectin. While the aqueous environment might be favouring the solvation of the carbohydrates electrostatically, the binding to protein is favoured by van der Waals interaction. The polar residues of the protein, e.g. Arg, His, Glu, Asn, etc. provide the necessary hydrogen bonding partners and residues like Trp, CH2 groups of Arg side chains, etc. can provide the van der Waals neighbours. The results also indicate that the water molecules can compete with protein side chains to form hydrogen bonds with the ligands. It is interesting to see that in case of a weakly binding ligand (GlcP(l-4)Glc), the hydrogen bonding partners, though different from a stronger ligand, are quite in number, whereas the van der Waals counterparts are less. This indicates that contrary to the popular belief that the sugar binding specificity of the lectins are mostly determined by the number and/or pattern of the hydrogen bonding network, we suggest that the non polar interactions are also equally crucial. We have also found that better binding ligands lead to a larger burial of solvent accessible surface area of the protein. The intimate details of the recognition process thus obtained can be exploited further for a rational design of mimetics in glycosciences.
